The utilization of biogas as carbon source for the co-production of filamentous-like materials and syngas is proposed. Catalysts with different Ni:Al molar ratios, Al 2 O 3 supports and preparation methods were synthesized. The suitability of the catalysts was analyzed considering activity, stability and carbon yield. Catalysts showed a good performance and similar results according to syngas compositions were obtained.
Biogas is generated from the anaerobic digestion of the organic matter (agricultural wastes, landfills and urban and industrial wastewaters). Commonly, biogas is released into the atmosphere or directly burned in an internal combustion engine [1] . Most recently, different alternatives for biogas utilisation have been proposed such as biomethane production [2] , combustion in a dual fuel diesel engine [3, 4] or as feedstock in the dry reforming of CH 4 (DRM) [5, 6] . In the latter case, high CO 2 concentration, up to 50%, makes biogas a perfect choice to be used as feedstock, resulting in a suitable syngas that can be used for hydrogen production [7, 8] , to feed a solid oxide fuel cell [9] or for hydrocarbons synthesis via the Fischer-Tropsch process [10] . Besides this, DRM using biogas can be classified as environmentally friendly due to the renewable character of the feedstock. However, the utilization of biogas in the DRM faces many challenges, being the energy required to carry out the process (CH 4 + CO 2 → 2H 2 + 2CO, ∆Hº= 247 kJ·mol -1 ), catalyst poisoning caused by biogas minor compounds [11] [12] [13] and catalyst deactivation by carbon deposition [14] among the most important.
Catalyst deactivation is commonly associated to carbon deposition, and efforts in DRM are focused on the synthesis of catalysts with low amounts of active metals in order to generate small crystallites that inhibit carbon formation [15] . However, only encapsulating carbon is responsible of catalyst deactivation [16, 17] . During DRM, other carbon structures can be obtained [18, 19] , being the nanofilamentous carbons (NCs) of special interest. Even though NCs are not directly responsible of catalyst deactivation, they can cause reactor plugging [20] . This situation can be solved by using a fluidized bed reactor instead of a fixed bed reactor [21] . NCs are high valuable materials [22] that depending on their structure and surface properties can be employed in different applications [23, 24] . The condition of the DRM using biogas as feedstock can be adjusted so that the formation of NCs without catalyst deactivation can be achieved. Therefore, biogas is used as carbon source for the co-production of filamentous-like material and a H 2 rich gas with very interesting combustion properties [25] . This biogas valorization route has been previously studied by our group [25] [26] [27] and it is known as catalytic decomposition of biogas (CDB). Conceptually, this process is similar to the catalytic decomposition of methane (CDM) [21, [28] [29] [30] . Metals belonging to groups 8-10 (Ni, Co and Fe) and supported on different metal oxides (Al 2 O 3 , SiO 2 or MgO) have been traditionally used in the CDM to generate NCs [31] .
From the carbon yield point of view, catalyst metal content plays an important role.
High metal loading catalysts are favorable for hydrogen and NCs production [30] .
Ermakova et al. [32] and Li et al. [33] observed that carbon yield was proportional to the Ni concentration in the catalyst. However, Takenaka et al. [34] reported a great carbon yield (491 gC·g Ni -1 ) with a 40% Ni/SiO 2 catalyst. Support also plays an important role. Unsupported Ni catalysts barely generate NCs when CH 4 is decomposed [33, 35] , while a production up to 385 gC·g Ni -1 was reported when using a 90% Ni/SiO 2 catalyst [32] . Many studies have also related NCs growth with Ni crystal domain size.
Chen et al. [36] observed an optimal Ni crystal size of 34 nm while Pinilla et al. [37] obtained the best results with catalysts with a Ni crystal domain size after reaction between 10-20 nm. Little information considering NCs production from biogas has been published. Besides previous works carried out by our research group [26, 27, 38] , for the best of our knowledge, only Corthals et al. [39] The suitability of the catalysts was analyzed considering activity, stability and carbon yield. Additionally, the NCs produced were characterised by different techniques (XRD, N 2 adsorption, TEM) in order to address the effect of the different catalysts characteristics on the NCs properties and morphology.
EXPERIMENTAL

Aluminas synthesis
Two aluminas with different surface properties were used as support. An organized mesoporous alumina (OMA-Al 2 O 3 ) was synthesised according to a procedure available in [40] . Briefly, aluminium isopropoxide was dissolved in ethanol and propanol with 1, 8 and 6 molar ratios, respectively. Then, a non-ionic surfactant (Pluronic F127) was added in a 0.01 molar ratio to the mixture with constant stirring at 50 ºC. When the surfactant was dissolved, water was added in an 11 molar ratio to create an emulsion.
All molar ratios are expressed in reference to aluminium isopropoxide. The surfactant and solvents were later removed by subsequent drying steps at 150 and 350 ºC and through calcination at 600 ºC for 4h. is maintained, the value of the S.F. CH4 will be one. On the other hand, if the catalyst is completely deactivated after 180 min TOS, this value will be zero.
Characterization techniques
The textural properties were measured by N 2 adsorption at 77 K in a Micromeritics
Tristar apparatus. The specific surface areas and pore volumes were calculated by applying the BET method to the respective N 2 adsorption isotherms and the average pore diameter (APD) and the pore size distribution (PSD) were calculated with the BJH method based on the desorption branch of the N 2 isotherm.
XRD patterns of the calcined, reduced and spent catalysts were acquired in a Bruker D8
Advance Series 2 diffractometer equipped with a Cu (λ: 0.154 nm) anode and a secondary graphite monochromator, using a θ-θ configuration. The angle range scanned was 20-80º, using a counting step of 0.05º and a counting time per step of 3s. The powder XRD patterns were further processed using the accompanying DIFRAC PLUS Thermogravimetric Analyzer. Samples obtained after reaction were heated under air flow at a rate of 10 ºC·min −1 from room temperature to 1000 ºC. Ni oxidation was taken into account to make calculations.
RESULTS AND DISCUSSION
Catalysts characterization
Textural properties (surface area (S BET ), pore volume (V P ) and average pore diameter Table 2) . Surface areas were slightly reduced while pore volumes presented a little increase except for the Ni-67-SIG catalyst.
The XRD patterns of the two aluminas used to synthesize the catalysts are included in the supporting information ( Its proportion was lower as compared to the Ni-30-OMA catalyst but greater than that observed in the Ni-30-SIG catalyst. TEM micrographs of the Ni-67-SIG catalyst were not taken because of the bad performance of this catalyst during the CDB as commented afterwards.
TPR profiles of calcined catalysts are included in Fig. 3 (Fig. 3b) . For both catalysts, a peak located at ca. 350 ºC and assigned to bulk
NiO phase was observed. The second peak, positioned at higher temperatures (600-650 ºC), is ascribed to difficult to reduce NiO species [45, 46] . size (L c ), Ni crystal domain size (dp Ni ) and BET surface area (S BET ) of the carbonaceous samples are reported in Table 3 .
TEM micrographs of the carbonaceous samples are shown in and Ni-67-SIG2 spent catalysts (Fig. 4a, Fig. 4c and Fig. 4e , respectively) revealed the presence of two types of carbon: nanofilamentous carbon (NC) and encapsulating carbon. In all samples both types were observed, although their relative concentrations varied. With the Ni-30-OMA catalysts, carbon was preferentially deposited as NC as suggested by the great amount of this kind of carbon structures in Fig.4a . At the same time, dark agglomerates were also observed. These agglomerates (Fig. 4b) were composed by carbon (53.2% wt.), aluminium (33.6% wt.) and nickel (13.2% wt.), as revealed the EDX analysis (Fig. S8) [47] . In the case of the Ni-30-SIG catalyst, the concentration of NCs was dramatically reduced (Fig.4c ) and big Ni particles (50-100nm) encapsulated by graphitic carbon were observed (Fig. 4d) . TEM micrographs of the Ni-67-SIG2 spent catalyst revealed an intermediate situation as compared with the previous ones. As it occurred with the Ni-30-SIG spent catalyst, a mixture of NCs and big and encapsulated Ni particles was observed ( Fig. 4e and Fig.   4f ). However, the concentration of NCs as respect to big Ni particles was much higher in this case. High magnification TEM images were taken in order to analyse which kind of NCs structures were formed and to measure their diameters. In all cases, a mixture of two different types of hollow carbon nanofibers (CNFs) was observed: fishbone ( Fig.   4g ) and parallel-like (Fig. 4h) the Ni-67-SIG2 catalyst were observed. In turn, Ni-67-SIG spent catalysts was not characterized by TEM due to the low carbon production obtained ( Table 3) .
Carbonaceous samples were also characterized by XRD. The presence of an intense peak at ca. 26º revealed a graphitic structure (Fig. S9) (Table 3) were calculated for the other samples, suggesting a greater proportion of encapsulating carbon as observed in Fig. 4c and Fig. 4e . More evident was the trend observed on L c values ( Table 3 ). The higher the proportion of NCs as respect to encapsulated Ni particles, the lower the L c value obtained. Probably, carbon crystallites present in the layers encapsulating Ni particles (Fig. 4d) were larger than those present in the NCs layers ( Fig. 4g and Fig. 4h ).
No NiO peaks were observed in the XRD patterns of the carbonaceous samples ( Fig.   S9 ), indicating that Ni was still in the reduced phase after reaction. Ni crystal domain sizes calculated after reaction are included in Table 3 . Average Ni crystal sizes ranged especially with the amount of difficult to reduce Ni species. The higher the amount of these species was, the higher the carbon yield obtained. TPR profiles of the Ni-67-SIG and Ni-30-SIG revealed an absence or a little amount of difficult to reduce Ni species (Fig. 3 ) and in agreement with the previous assumption, the amount of carbon accumulated was negligible as compared with the one accumulated with the other catalysts. In contrast, Ni-30-OMA, Ni-67-OMA and Ni-67-SIG2 presented a great amount of these species and considerable carbon yields were obtained. It seems that these species presented a suitable MSI that favour the formation of NCs. It was reported that both a too low or too high MSI led to the formation of encapsulating carbon [30, 42] . In literature, carbon yield has also been associated to Ni crystal domain size. Pinilla et al. [37] found that carbon yield was highly correlated with the Ni domain size 
Catalysts activity and stability
Syngas compositions measured after 5 and 180 minutes TOS are included in Table 4 along with CH 4 conversions (X CH4 ) and sustainability factors (S.F. CH4 ).
From a catalytic point of view, worst results were obtained with the Ni-67-SIG catalyst.
After 5 minutes TOS, CH 4 conversion and H 2 and CO concentrations were much lower as compared with those obtained with the other catalysts ( Table 4) . Beside this, carbon yield after three hours TOS was negligible ( Table 3) . Low surface area (43 m 2 ·g -1 ), low MSI and big Ni crystal size (58.0 nm) of the reduced catalyst, resulted in a lower amount of active sites and thus in a worse catalytic performance than the other catalysts.
For all these reasons, Ni-67-SIG was not included in the following comparison between catalysts and was discarded as an interesting catalyst for the CDB.
Comparing the other catalysts, small differences regarding syngas compositions were In addition, a progressive decrease of -r CH4 with time was observed in all the experiments (Fig. 5) . Two different deactivation behaviours were observed. Ni-30-SIG, Ni-67-OMA and Ni-67-SIG2 catalysts presented a sharp decrease of -r CH4 in the first 60 minutes TOS, especially Ni-30-SIG, and then -r CH4 stabilized. In contrast, -r CH4 evolution of the Ni-30-OMA catalyst remained almost invariable in the first 60 minutes and then a slow and continuous decrease was observed. In summary, after 180 minutes TOS, the most stable and active catalyst was the Ni-30-OMA. These two well differentiated behaviours may correspond to different deactivation mechanisms.
According to TEM micrographs ( Fig. 2) and TPR profiles (Fig. 3) , Ni-30-SIG, Ni-67-OMA and Ni-67-SIG2 catalysts presented an important number of large Ni particles that do not form significant chemical bonds with the Al 2 O 3 support. As previously reported [30, 37] , it may occur that these big Ni particles, active towards CH 4 decomposition at the beginning of the experiment, were deactivated by encapsulating carbon reducing the number of active sites. In the same line, Ermakova et al. [51] suggested that coarse Ni particles were not effective for CH 4 decomposition since the equilibrium between formation of amorphous carbon (CH 4 decomposition), carbon diffusion and NC growth, necessary to maintain the catalyst activity [52] , does not take place and as a result catalyst particles are rapidly blocked. In contrast, Ni-30-OMA TEM micrographs (Fig. 2a) and TPR profile (Fig. 3b) did not reveal such amount of these Ni particles and this may be the reason of the stability observed. CH 4 sustainability factors (S.F. CH4 ) of the different experiments were also included in Table   3 . Ni-30-OMA catalyst presented the highest stability (S.F. CH4 =0.70) followed by the 
CONCLUSIONS
Excepting Ni-67-SIG catalyst, catalysts showed a good performance and similar results according to syngas compositions were obtained. However, some differences related to stability over time and carbon yields were detected. TPR analysis and TEM 
